Utilization of atmospheric pressure plasma jet (AP plasma jet) as the energy source was investigated for a cross-linking reaction of PVA resist films containing diphenyl-4-diazonium sulfate / formaldehyde condensate (DSR). The AP plasma jet has a character of high-energy field at a low temperature. Furthermore it can supply various type of energy to extremely restricted region of target materials regardless of the shape and/or surface condition. The DSR/PVA-coated film cured in dot by AP plasma jet irradiation, and the diameter of the cured area increased with irradiation time. Therefore some experiments were progressed to study the major factor contributing to the cross-linking reaction. At first the role of diazo compound was estimated. The PVA-coated film did not cure with plasma irradiation under a condition of DSR absence. Secondly an effect of emitted UV light on the cross-linking reaction was investigated. No cured film was obtained, when a coated film was placed in parallel to AP plasma jet in order to avoid plasma bombardment on the film. This series of experimentations suggested that a diazo compound played a pivotal role in propagation of cross-linking reaction, and that its photodecomposition it did not significantly take place in our AP plasma jet system. Furthermore an effect of heat could be neglected inasmuch as the AP plasma jet is categorized in thermal nonequilibrium plasma. As the conclusion, it was suggested an energy transfer from active species in plasma to diazo compound to be the key reaction of our system.
Introduction
The p-substituted benzene diazo compounds (SBD) were decomposed by irradiation, heating and electrify. There are many reports for photodecomposition [1] [2] [3] and its decomposition mechanisms [2] . SBD with electron-donating are used as the photo acid generators for micro resists [4] , photosensitive emulsions for the screen printing resist [5] , and UV-fixable thermal recording paper [6, 7] . SBD with electron withdrawing substituted was used for thermal-cross linking type PS printing plate and thermal ring-opening polymerization of 1,2-epoxypropane [8] . 18-Crown-6 (18C6) complexes with benzene diazonium cation improve photo and thermal stability of diazo compounds [9] [10] [11] [12] [13] . Electric conductivity, hardness and photodecomposition of Diphenylamine-4-diazonium sulfate / formaldehyde condensate (DSR) / polyvinyl alcohol (PVA) with nanocarbons, fullerene (C60), carbon nanotube (CNT) and graphene were larger than that without additives [14~16] .
Atmospheric pressure plasma jet (AP plasma jet) is a one of discharge plasmas. This plasma method forms nonequilibrium plasma in which an electron temperature is much higher than a gas temperature. So, a low temperature and high-energy reaction field can be constructed, and many applications have been investigated on surface treatment of various material. Furthermore it can irradiate plasma regardless of a shape of target material. Therefore we considered to utilization of these characteristics to new energy source for polymer synthesis [17] .
In this study, a cross-linking reaction of DSR and PVA was studied on using an AP plasma jet as an energy source. Furthermore the key components for the reaction were estimated to explore the contribution of AP plasma jet.
Experimental

AP plasma apparatus
An atmospheric pressure plasma jet (AP plasma jet) was generated in a quartz tube with inside and outside diameters of 1.5 and 3.0 mm, respectively. Figure 1 shows the experimental setup used in this work [18] . The system consists of two electrodes placed around the tube, in which one electrode is set parallel to another one at distance of 5 mm. The each electrode was made of copper tape, and the electrode located at the downstream side was used as working electrode, the other side was ground electrode. The low frequency and high voltage was supplied from power supply to downstream side electrode to generate atmospheric pressure plasma (AP plasma) in quartz tube under argon gas flow, where volume flow was controlled at constant value of 250 SCCM (the SCCM denotes standard cm 3 per minute) by mass flow controller (model: Koflok 3660 mass flow controller). Then AP plasma jet was formed by to squirt generated plasma out of nozzle.
Materials
The conventional photosensitive diazo resin, Diphenylamine-4-diazonium sulfate/formaldehyde condensate (DSR, SP-3000ST) and PVA emulsion used for AP plasma and UV irradiation were purchased from Murakami Screen KK. p-Substituted benzene diazonium tetrafluoroborates (SBD) were precipitated by adding hydrogen tetrafluoroborate to an aqueous solution of the corresponding benzene diazonium chloride prepared from psubstituted aniline. The solid product was recrystallized from ethanol. Coating solutions of the resist were prepared by dissolving 0.6 g of the diazo compound in 100 g of the matrix PVA-emulsion in water. Films for photo and AP plasma decomposition were coated onto glass substrates using a spincoater.
2-3 Reaction procedures
Characteristics of plasma decomposition of SBDs in the water were compared to it of photodecomposition using Hammett's plot. The aqueous solution prepared to the concentration of 1x10 -4 mol dm -3 was put into a quartz cell, and UV light was irradiated by Sunhayato Chibi Light Model BOX 1 with fluorescence light (FL-6BL) from the vertical direction. A concentration of SBD was determined by an absorbance at  max of UV spectra (UV- 2550: Shimadzu co. ltd.) From the change of SBD concentration with irradiation time, a first-order rate constant (k) was calculated, and a Hammett's plot was graphed from a relationship between natural logarithm of k and substituent constant ().
A cross-linking reaction of PVA/DSR coated film with AP plasma was investigated under various conditions, e.g. a plasma irradiation time, a supplied voltage for plasma generation, and a distance from AP plasma jet nozzle to coated film. Furthermore an influence of components and of UV light emitted from plasma on polymerization was tested in order to assume the cross-linking reaction proceeds. In order to estimate an active and excited species formed in AP plasma jet, an emission spectrum was determined by a Photonic Multichannel Analyzer PMA-10 (Hamamatsu Photonics K.K.). An obtained emission spectrum was attributed by spectroscopy database [19] . The cured film thickness was determined by the Surfcorder SE3500 (Kosaka Laboratory Ltd.).
Results and discussions
3-1 Influence of irradiation time on cross-linking reaction Change of a cured film thickness and of a cured film diameter with irradiation time is shown in Figure 2 and Figure 3 , respectively. As the experimental conditions, the supplied voltage and irradiation distance were fixed at 10 kV and 10 mm, respectively. Under the irradiation time of 10 min, formed film was not observed after washing with deionized water, while a change of color was observed. a cured film thickness was approximately 6.5 m at irradiation time of 20 min, and it was slightly decreased with irradiation time. The discontinuous change was caused by the cross-linking reaction mechanism using plasma reaction. In our system, it was considered that the cross-linking reaction took place from sample surface. Therefore the formed film was broken away from glass substrate until the reaction reached to it.
On the other hand, a diameter of it was almost linearly increased with irradiation time, and the diameter was reached to ca. 8 mm at irradiation time of 60 min. These results indicated that the crosslinking reaction using an AP plasma jet irradiation as an energy source proceeds in a concentric fashion from the center of irradiated position. 
3-2 Influence of irradiation distance or supplied
voltage on cross-linking reaction An influence of irradiation distance (D) on a cured film diameter was shown in Figure 4 . In this work 10 kV of supplied voltage and 30 min of irradiation time was used as the reaction conditions. The diameter of the film showed no significant change with D, and it was almost constant value of ca. 6 mm.
An influence of supplied voltage (V) on a cured film diameter was shown in Figure 5 . The diameter linearly increased from ca. 2 mm at 8 kV of V to 6 mm at 10 kV.
From the determination of emission spectra from plasma field at each reaction conditions, only the emission spectra attributed to Ar(I), which was excited species of Ar, were observed, and the intensity of them were varied by change of D or V. It is suggested that each experimental parameters effect on a concentration of active species such as excited Ar supplied to sample surface. Especially, the intensity was affected by V. Therefore it is guessed that the remarkably change was obtained in supplied voltage change.
3-3 Estimation of cross-linking reaction 3-3-1 Photo and AP plasma jet decomposition of SBD in water AP plasma jet mainly includes three ingredients, e.g. exited argon (Ar * ) which is formed from injected argon gas in discharge field, electron (e) and UV light (h) emitted from plasma, and a small amount of oxygen containing active species formed from atmospheric air as shown by Equation (1) - (3) in scheme 1. An argon ion may be formed in the AP plasma jet, however its contribution to the reaction is considered to be little, because of the short lifetime.
Hammett's equation is applied to study what the ingredient of AP plasma jet used is for decomposition of SBD. Decomposition behaviors in aqueous solution of various p-substituted diazo compounds (SBD) were determined on UV light or AP plasma jet bombardment. In each condition, the concentration of diazo compounds decreased with irradiation time. Then the first-order rate constants (k) were calculated about all SBDs, and a relationship between k and Hammett's substituent constant () was investigated. The Hammett plots are shown in Figure 6 obtained each experimentation:
Ar + e → Ar * + e (1) Ar
Scheme 1 Formed active species in AP plasma jet with  under both conditions. However the AP plasma system indicated gradual, almost flat and descent in comparison with the other system. Furthermore, no cured film was obtained with UV light irradiation from AP plasma in this work, when the coated film was set up at a neighborhood position (shown in Figure 1(c) ) of AP plasma jet without contact between each other. In generally, it is well known that the photodecomposition has negative slope [2, 12] and that the thermal decomposition has positive slope [3, 12] . This almost flat tendency in this work indicates that AP plasma jet irradiation method is accordingly independent of an electronic substituent effect, because of the AP plasma decomposition progressed by an active species having high energy.
3-3-2 Estimation of cross-linking reaction
A cross-linking reaction was studied on by following experiments:
(Exp.1) PVA without diazo compound (Exp.2) Diazo compound (DSR) without PVA All experiments were progressed under 10 kV of V, 10 mm of D, and 30 min of irradiation time. In Exp.1, a change in color was confirmed in the absence of diazo compound at the AP plasma jet irradiated area (as shown in Figure 7(a) ). However, cured film was not left on glass substrate after washing with deionized water. This result suggest a possibility about a reaction between PVA and generated radicals from trace moisture contained in dried sample by AP plasma jet irradiation, while the reaction occurred at restricted region of sample surface.
In Exp.2, a heterogeneous yellow-brown solid (as shown in Figure 7(b) ) is adhered to the surface of glass substrate after the AP plasma jet irradiation. Two possibilities were considered about the mechanism of formation of insoluble material. One is an increase of molecular weight due to radical chain reaction, and the other is a change of DSR to hydrophobic structure [20] , shown in Scheme 2.
Conclusions
Cross-linking reaction took place by AP plasma jet irradiation to a coated film at gas-solid interface. The cured film diameter was increased Scheme 2 Reaction of DSR by UV [20] or plasma irradiation with irradiation time. It was suggested that the reaction starts to concentrically proceed from the center of irradiated position of the plasma jet. From a series of experimentations, the cross-linking reaction was estimated as follows (Scheme 3): (1) At first energy transfer occurs from excited species in plasma to chemicals contained in DSR/PVA film, e.g. diazo compound, PVA, and a trace amount of water. (2) Formed radicals concentrically propagate and initiate a radical chain reaction. It is assumed that the diazo compounds play important role in progress of the reaction.
